HIGH-RESOLUTION REGIONAL PHASE ATTENUATION MODELS OF THE IRANIAN PLATEAU AND ZAGROS

ABSTRACT
Development of high-resolution seismic attenuation models of the Iranian Plateau and the Zagros Mountains are critical to monitoring efforts in the Middle East due to the lack of high-quality regional waveform data. Previous studies have suggested a complexity in crustal and uppermost mantle seismic attenuation structure as well as regional phase propagation characteristics beneath much of the Iranian Plateau and the surrounding regions.
Regional seismic phases show strong lateral variability in amplitude and frequency content due to this very complex structure. Furthermore, due to a lack of two-dimensional seismic array data, much of the three-dimensional seismic structure and propagation characteristics of the crust, lithosphere and upper mantle remain unknown. We are working to remedy this using data from new broadband stations in the region, which cover most of the Iranian Plateau in a semi-regularly spaced grid. Using data collected by a series of deployments which consisted of approximately 140 temporary and permanent seismic stations in the Iranian Plateau and the Zagros Mountains using a comprehensive set of techniques, we are working to develop and calibrate high-resolution regional phase attenuation models of the crust and upper mantle for a major portion of Arabian-Eurasian plate boundary. Validation of these results will include calibration with selected ground-truth events and comparison with existing amplitude models. We will also create a catalog of well located events that have reliable source spectra determined using coda. This work will increase the number of seismic events with reliable source spectral and thereby significantly improve the ground-truth database in the Middle East and help to develop transportable discriminants in a diverse tectonic environment.
Monitoring Research Review: Ground-Based Nuclear Explosion Monitoring Technologies
153 Approved for public release; distribution is unlimited. The objective of this project, which has just begun, is to construct and validate regional wave (Pn, Pg, Sn, and Lg) attenuation models for the crust and upper mantle throughout the Iranian Plateau and surrounding regions. This research should increase ray path coverage of critical areas and help to create robust regional phase amplitude and attenuation models. This work will involve using new data collected by 23 permanent broadband and 74 short-period stations and another 140 temporary broadband, intermediate band and short period stations (total 140 and broadband intermediate stations, Figure 1 ) distributed throughout Iran and across most of the major tectonic boundaries with the Iranian Plateau. Furthermore, we have determined that these data are suitable for all types of regional phase attenuation studies. We are working to create a catalog of seismic events in and around Iran with reliable source spectra as well as tested regional phase attenuation maps for the Zagros and Iranian Plateau.
RESEARCH ACCOMPLISHED
These integrated Iranian arrays ( Figure 1 ) cover much all of central Iran and the Zagros. The location of these stations are ideal for studying aspects of monitoring research since this is a region which, until recently, has not had a large number of broadband seismic stations. We will utilize this relatively uniform coverage of permanent broadband stations along with the temporary deployments to study the propagation of the regional phases Pn, Pg, Sn, and Lg.
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Data Collection
The available data provides an unprecedented opportunity to study the crustal and upper mantle attenuation in this complex region. The current compiled data set consists of up to 10 years of recorded waveforms collected by 74 permanent short-period stations operated by the Institute of Geophysics of Tehran University (IGTU), up to 4 years of continuous recording from 17 permanent broad-band stations operated by the International Institute of Earthquake Engineering and Seismology (IIEES), up to 8 years of records from 6 broad-band stations of the Khorasan Seismological Network in NE of Iran operated by the Earthquake Research Center of the Ferdowsi University of Mashhad (EQRC). The short-period stations are equipped with the SS1 sensor. All the broad-band stations are equipped with CMG-3T sensors. The stations belonging to the IIEES operated in continuous recording, the other stations recorded the signals when triggered through the LTA/STA policy. The data from two ~6-month temporary networks run across the Plateau in 2000 and 2003 will be also included. These networks were equipped with a combination of the short-period and broad-band sensors and operated in continuous mod (Figure 1 ). We have nearly completed normalizing all waveform instrument response, however, some of the short period data will require inversions for the proper instrument response.
The collected waveforms of the regional events by the permanent stations cover 20,358 ray paths from 2,453 regional events of magnitude greater than 4.0 (Figure 2 , with examples shown in Figure 3 ). The contemporaneous coverage of the stations is needed in the two-station method. By taking into account this criterion, we could have 3,270 two-station paths (Figure 2 ) from 1,443 events yielding sufficient ray coverage suitable for the tomographic imaging of Lg and Pg attenuation. The given ray coverage is also sufficient for investigating the attenuation anisotropy across different tectonic provinces in the Iranian Plateau. In the second step, we will combine the current data set with the data available from permanent and temporary surrounding regions (IRIS, Eastern Turkey Experiment, Azerbaijan, etc). This will help cover the gap in ray coverage in the Iranian Plateau as well as to extend the study area.
Regional Phase Attenuation Analysis-Two Station Approach
Using the dense coverage of the Iranian Plateau and combined broadband and short-period stations, we intend to construct detailed maps of regional phase attenuation for the Zagros and Iranian Plateau. Amplitude data collected from Iranian waveforms can be combined with continental scale studies will include ray paths to Iranian stations at regional distances from surrounding areas, including paths that cross the Iranian Plateau. We will study the regional phases Pn, Pg, Sn, and Lg, for frequencies of 1 to 8 Hz similar to other comprehensive studies of the entire region (e.g., Pasaynos et al., 2009). Regional discriminants use high frequency amplitudes of these, especially important for smaller events that may be recorded by just a few stations. They are also essential to investigations into regional phase yield estimation. Coverage is difficult to obtain for high frequencies as they decay into noise more quickly, and can be obscured by the coda of prior phases at distance. Regional variations of attenuation can cause amplitude shifts by as much as a full magnitude unit. The density provided by Iranian waveforms will allow us to investigate additional effects on amplitudes such as medium anisotropy and azimuthal source radiation.
Methodology
The amplitude of a seismic wave may be described by an exponential attenuation equation that accounts for both geometric spreading and attenuation,
where A is the observed amplitude between source and receiver for a wave of frequency f recorded at distance .
Here, I is the instrument response, E is the source amplitude, S is the site amplification response, v is the wave group speed, and G is the geometric spreading function that is described primarily by an exponent
Attenuation (Q) Tomography
Attenuation tomography uses estimates of path-averaged attenuation to delineate laterally varying Q. This includes most spectral methods (e.g., Zor et al., 2007) . We have used this method to create phase blockage maps for regions of the northern Middle East (Sandvol et al., 2001) . However, the lack of dense network within the Iranian Plateau have precluded us in the past from using method like Xie et al, 2006 and Zor et. al., 2007 have used for the Iranian Plateau.
Our attenuation (Q) tomography relies on two-station methods for measuring inter-station Q, which cancel the source effect by using station pairs aligned with the source. These methods are relatively straightforward to apply, and are insensitive to source radiation pattern effects, but alignment requirements reduce the amount of data that can be used. We will measure attenuation with the two-station (see Xie and Mitchell, 1990; Xie, 2002; and Zor et al., 2007 for descriptions of the method, including rigorous error analysis) and reversed two station (Chun et al., 1987) methods.
The reversed method eliminates site as well as source effects. Furthermore we have been able to use the reverse twostation approach to isolate the site and calculate the relative site effect. This can be seen from taking the ratio of two sets of spectral ratios:
  
where the A is the amplitude spectra and the superscripts are for stations and the subscripts are for events.  is the station-event distances where once again subscripts are events and superscripts are stations. Finally, G is the geometrical spreading term which we will assume will be 1-D for each individual phase thus we will map all focusing and de-focusing into our Q maps. The site effects can be determined using a two station ratio rather than product:
where S() are the site amplification terms for stations 1 and 2. Thus, after correcting for geometrical spreading, we can isolate relative site terms and thereby create maps of relative site terms for the entire Iranian Plateau. We can use these relations to determine both path based Q values that are independent of the site effect as well as a relative site effect term. and b(r,f i ) control the coda envelope shape, and t is the time in seconds from the origin time. An example of this analysis from the waveforms taken from the Iranian waveform database is shown in Figure 5 . We are utilizing Lawrence Livermore National Laboratory's (LLNL's) 2-D path correction for coda analysis. Currently, LLNL is developing a 2-D path correction for coda for the larger Middle East. We will then be using site terms to find coda to site transfer at each station to obtain moment rate (source spectra). Those source spectra will then be used to correct the source effect at each waveform. Figure 5 shows an example of two coda envelopes at 2.0_3.0 Hz recorded at two distinct paths. One is crossing through Zagros and the other is across the Iranian Plateau. Note the difference between the coda envelope shapes. This will need further investigation of 2-D analysis of the coda shape function and 2-D path effect. We'll try to resolve this issue at high frequencies where the smaller event coda calibration is very critical to estimate. We will also be using spectral ratio technique (empirical Green's functions) of coda envelopes for the aftershock sequences in the region (Mayeda et al., 2007) . This method takes advantage of co-located events at which would have the same path and site effect at the station. The amplitude ratio at each station in the end will reflect different source models and these models would be used to calibrate coda source. Coda method has advantageous compared to direct wave in spectral ratios such that direct waves are limited to the same focal mechanism, directivity etc. Whereas coda averages those effects allowing much more number of pairs to be used to fit the source model (Mayeda et al., 2007) .
CONCLUSIONS AND RECOMMENDATIONS
In order to develop transportable seismic source discriminants it is very important that we develop method to account for source and site effect. The problem in the past has been that different methods have yielded different results and only relatively recently have we begun to see some convergence between methods (e.g., Ford et al., 2008) . In order to overcome this problem in the Iranian Plateau and the surrounding regions we will employ two of the most promising methods and compare our attenuation models to determine how robust and reliable each of the methods are in the diverse tectonic terrane that is the Iranian Plateau. Furthermore, this will allow us to create a robust model that can be use to predict seismic amplitudes and thereby contribute important model base information to DOE's MDAC amplitude corrections
